We describe the full decomposition sequence in an Fe-Ni-Mn-Ti-Al maraging steel during isothermal annealing at 550°C. Following significant pre-precipitation clustering reactions within the supersaturated martensitic solid solution, (Ni,Fe) 3 Ti and (Ni,Fe) 3 (Al,Mn) precipitates eventually form after isothermal aging for~60 seconds. The morphology of the (Ni,Fe) 3 Ti particles changes gradually during aging from predominantly plate-like to rod-like, and, importantly, Mn and Al were observed to segregate to these precipitate/matrix interfaces. The (Ni,Fe) 3 (Al,Mn) precipitates occurred at two main locations: uniformly within the matrix and at the periphery of the (Ni,Fe) 3 Ti particles. We relate this latter mode of precipitation to the Mn-Al segregation.
I. INTRODUCTION
FOR several decades, maraging steels have been used in the military, power, and other commercial industries due to their combination of high strength and toughness, particularly at elevated temperatures. The most commonly used maraging steel compositions are based on 18 wt pct Ni with significant levels of Co (8 to 13 wt pct). These elements make these steels rather expensive, [1] [2] [3] and, as a result, a new class of Co-free maraging steels has emerged that contain Fe, Ni, Mo, and Ti. [4] [5] [6] [7] [8] The improved properties achieved in these newer steels are associated with the formation of Ni 3 Ti and Fe 2 (Mo,Ti) precipitates, which strengthen the alloys through the operation of Orowan-type mechanisms. The morphology of the Ni 3 Ti particles was found to be needle-like, [7, [9] [10] [11] [12] plate-like, [11] or rod-like. [4, 7] In addition, unidentified spherical precipitates were detected in the matrix. [7] However, heat treatments of several hours duration are required to achieve the maximum agehardening response in these steels. [7, 8] Therefore, Mn additions were introduced, as this element was found to accelerate the age-hardening process and also reduce the required levels of the more expensive Ni additions. [12] [13] [14] [15] [16] Remarkably, the best combination of strength and ductility was achieved in a Fe-Ni-Mn-Ti-Al maraging steel after very short aging treatments at 550°C for as little as 5 to 15 seconds. [16] Approximately, 50 pct of the total strength increment from age hardening was achieved during these short aging treatments. Careful transmission electron microscopy (TEM) studies revealed no evidence for discrete second-phase precipitates, suggesting that the strengthening occurred from alternate mechanisms within the solid solution. This was further supported by our atom probe studies, which revealed preferred solute-solute interactions and strong atomic clustering phenomena during these early stages. We proposed that a cluster-strengthening mechanism was operative in order to achieve the high toughness. [16] Subsequent aging did eventually lead to precipitation reactions, and, according to our TEM observations, [16] initially fine Ni 3 (Ti,Al) (3.5 ± 0.6-nm thick and 9.5 ± 1.5-nm long) needle-like particles were distributed uniformly within the martensite laths. At later stages of aging, these coarsen (6.2 ± 0.4-nm thick and 23 ± 1-nm long) and their distribution becomes inhomogeneous, with a significant preference for precipitation at lath martensite boundaries. These changes were accompanied by a further increase in strength and decrease in ductility. At the same time, the formation of reverted austenite at prior austenite and lath martensite boundaries became evident.
In this article, we turn our attention to the later stages of aging where there is a need for consistent information on the composition and morphology of precipitates, as studies of these types of alloys aged for longer times suggest that the properties are also consistent with Orowan-type mechanisms. [15] In seeking to clarify the nature of precipitation at these later stages, we have used electron microscopy in conjunction with atom probe. It is noteworthy that all previous atom probe studies were performed with one-dimensional or threedimensional atom probe field ion microscopes. [6, 15, 16] The recently developed local electrode atom probe [17, 18] is more advanced in that it allows collection of data from much larger volumes of material in a shorter period of time. This is important in evaluating precipitate microstructures. The application of statistical methods to the larger volume of materials enables a more accurate quantification of the features in the microstructure.
II. EXPERIMENTAL
A small steel ingot (Fe-20.1Ni-1.8Mn-1.6Ti-0.59Al-0.04Si-0.01C with P and S<0.001 (wt pct)) was solution heat treated at 1100°C for 12 hours. Thin slices of 0.4-mm thickness were cut, immersed in alumina powder, and austenitized in a furnace at 1050°C for 1 hour and then water quenched. They were immediately immersed into liquid nitrogen for 360 seconds in order to complete the martensite transformation. In the as-quenched condition, the microstructure contained martensite with~5 pct retained austenite in the form of thin layers between the martensite laths. [11, 16] The samples were aged in a salt bath for 5 to 3600 seconds at 550°C. Needle-shaped atom probe specimens were prepared with a standard two-stage electropolishing procedure. [19] Atom probe experiments were performed with local electrode atom probes (LEAP)* at Oak Ridge National Laboratory and at The University of Sydney. The LEAP was operated at a pulse repetition rate of 200 kHz, a pulse fraction of 0.2, and a sample temperature of 60 or 80 K. Isoconcentration surfaces were used for visualization of the precipitates. The compositions of precipitates were determined from the selected volumes with background noise subtraction. The maximum separation envelope method [19] with a maximum separation distance between atoms of interest of 0.5 nm and a grid spacing of 0.1 nm was used to identify clusters in the samples aged for 5 seconds. The atomic composition of such regions was calculated from the number of atoms of each type forming a cluster or a particle as determined by the maximum separation envelope method. As output of the maximum separation envelope program, the size of the feature is given by the radius of gyration (l g ), which is smaller than what might be considered the actual physical extent. That size might be better represented by the Guinier radius (r G ) given by the following equation: [19] 
III. RESULTS AND DISCUSSION
After aging for 5 seconds, the early stages of decomposition of martensite were evident from the formation of clusters containing various proportions of Ti, Ni, Al, and Mn (Figure 1(a) ). In this article, clusters are defined as nonrandom close arrangements of atoms within the volume, which still contains visible crystallographic arrangement of matrix Fe atoms. On the other hand, precipitates are defined as arrangements of atoms exhibiting their own crystallographic structure and chemistry, distinct from that of the matrix. Based on cluster composition analyses with the maximum separation method, two clearly distinct groups of clusters were identified: (1) Mn-rich clusters containing 60 to 100 pct of Mn and (2) Ti+Al-rich clusters with varying composition of each element from 15 to 70 pct (Table I, Figure 2 ). The Ni and Fe atoms were present in both groups of clusters. The approximate number of ions per cluster varied from 20 to 441. As the Mn, Ti, and Al concentrations varied continuously in the compositions of clusters, the clusters were divided into groups based on the Fe content (Table I ). The number of clusters per each group ranged from 23 to 529. Although there was a wide variation in composition of the Mn-rich clusters, their average size remained approximately constant (1 nm) (Figure 2(b) ). At the same time, the composition of Ti+Al-rich clusters varied with size in a similar manner to the composition of Fe+C clusters observed during the decomposition of martensite in the TRIP steels; [20] e.g., with the decrease in cluster size, the Fe content also decreased. It is well known that the maximum separation distance envelope method aggressively removes the matrix atoms. The envelope algorithm will only remove solvent atoms from the surface of the particle and not the interior. Thus, the maximum separation envelope method may overestimate the solute content of the finest clusters (£ 1 nm) by~25 pct in which there is a high proportion of surface to interior atoms. The standard deviations given in Table I are based only on the experimental data obtained by the envelope method without taking into account the inherent overestimation of solute content in fine clusters. Although it is clear that, in Ti+Al-rich clusters, both Fe and Ni concentrations gradually increase with an increase in cluster size (Figure 2(a) ); even on reaching~2-nm Guinier radius, the composition of clusters remains nonstochiometric (~(Fe,Ni)(Ti,Al) 2 ). The observed clustering supports the proposal based on Mo¨ssbauer spectroscopy data that the accelerated effect of Mn on Ni 3 Ti precipitation in maraging steels is by displacing Ti from solid solution and preferential formation of Fe-Mn bonds. [14] However, faster diffusion of Ti and Al at aging temperature compared to the diffusion of Ni, Mn, and Fe (Table II) could also account for the observed composition of clusters. A more detailed discussion of clustering was given elsewhere. [16] Although the formation of precipitates was detected in this steel after aging for~60 seconds at 550°C, [16] the focus of this article is on the precipitation behavior during later stages of aging. Representative atom maps after aging for 600 seconds are shown in Figure 3 . It is clear that two precipitate morphologies are present: plate and spheroidal. Analysis of the plate-shaped precipitates ( Table III ) has shown that they consist predominantly of Fe+Ni+Ti atoms with some traces of Al and Mn, whereas the spheroidal precipitates consist of Ni+Fe+Al+Mn atoms. Their compositions were found to be close to (Ni,Fe) 3 Ti and (Ni,Fe) 3 (Al,Mn) stoichiometries, respectively. Some of the plate-shaped particles exhibited an increase in thickness toward lath shape, but with a slightly rounded tip.
After extending the aging to 3600 seconds, the microstructure also included some coarsened Ni+Mn+Al precipitates that exhibited a modified aspect ratio toward discs and small rods ( Figure 4 and Table III) , presumably as part of the coarsening reaction. At the same time, (Ni,Fe) 3 Ti precipitates have shown two types of morphology: plate-like and rod-like ( Figure 5 ). Note: In some Mn-rich clusters, traces of Ti and Al were present, whereas in Ti+Al-rich clusters, some traces of Mn were detected. We propose that the driving force for this transition in morphology is a change in the precipitate interfacial energy during growth.
An important feature in the samples treated for 3600 seconds is the enrichment of Mn and Al at the plate-shaped precipitate/matrix interface, as is clearly seen in the Ti+Mn and Ti+Al atom maps shown in Figure 4 (a). Concentration profiles across these interfaces also confirm this enrichment (Figure 4(b) ). Specifically, the atom probe data demonstrate significantly higher Mn and Al concentration levels at the precipitate/ matrix interface than those for either the matrix or within the (Fe,Ni) 3 Ti particles. Compositions of these enriched regions, determined by selected volume analysis, are given in Table IV . In addition, evidence of heterogeneous nucleation of Ni+ Mn+Al precipitation at both the plate-and rod-shaped (Fe,Ni) 3 Ti particles was observed in several instances. Here, we propose that the initial segregation of Mn and Al occurs at the precipitate/matrix interface, and when the segregant composition and free energy have reached critical values, heterogeneous nucleation of Ni+Mn+Al particles occurs. The compositions of these heterogeneously nucleated precipitates are similar to the spheroidal or small rod-shaped particles, which were observed in the matrix. It was previously suggested [16] that their nucleation took place during the early stages of aging at both intersections of dislocations and at clusters.
It is interesting to consider the nature of the observed preferential segregation of Al and Mn atoms at the precipitate/matrix interface, since this has an enabling role in the heterogeneous nucleation of Ni+Mn+Al particles. In fact, the observed preferential segregation of Al and Mn atoms at the (Fe,Ni) 3 Ti precipitate/matrix interfaces is thought to be the result of nonequilibrium segregation of solute from the bulk. [24] The kinetics of this segregation will be determined primarily by the volume diffusion of segregating species. However, out of all alloying elements, the diffusion rate is the highest for Ti (Table II) and the lowest for Ni, whereas Mn and Al display comparable rates. This suggests that the thermodynamic affinity between Al and Mn plays a more important role in their cosegregation to the particle/ matrix interface than the relative rates of their diffusion. It is well known that the thermodynamic affinity between Mn and Al is high [25, 26] and that Mn has a tendency to segregate preferentially to grain boundaries and other interfaces in steels. [27, 28] The observed formation of an Al-Mn-rich layer around the intermetallic (Fe,Ni) 3 Ti precipitates is similar to the formation of the Al 8 Mn 5 layer on Al-containing carbides in Mg-Al alloys.
[26] Thus, we suggest that a thermodynamic driving force exists for the observed segregation of Mn and Al at the (Fe,Ni) 3 Ti precipitate/matrix interfaces due to the reduction in the interfacial free energy. Similar conclusions were drawn regarding the Ni and Mn segregation at the interface of Cu-rich particles in a low-carbon steel. [29] IV. CONCLUSIONS
The decomposition of martensite in the Fe-Ni-Mn-TiAl steel during aging at 550°C occurs by (1) a clustering stage, involving the formation of predominantly Ti+Al and Mn+Fe co-clusters after 5 seconds; (2) precipitation of plate-shaped (Ni,Fe) 3 Ti and spheroidal (Ni,Fe) 3 (Al,Mn) nanoscale particles after~60 seconds aging; (3) enrichment of Al and Mn at the (Ni,Fe) 3 Ti particle/matrix interface; (4) secondary precipitation: heterogeneous nucleation of Ni+Mn+Al particles on the surface of (Ni,Fe) 3 Ti precipitates; and (5) progressive change of (Ni,Fe) 3 Ti precipitate morphology from plate-shaped to rod-shaped. Fe, at. pct 27 ± 7 3 1 ± 3 4 3 ± 3 Ni, at. pct 41 ± 3 3 9 ± 1 3 5 ± 2 Ti, at. pct 3.6 ± 0.4 4 ± 2 6 ± 2 Al, at. pct 15 ± 2 1 3 ± 1 9 ± 2 Mn, at. pct 8 ± 1 8 ± 2 5 ± 1 Size, nm x 6.5 ± 0.4 5 ± 1 5 ± 1 y 5 ± 1 2 ± 1 3 ± 1 z 5 ± 1 8 ± 2 1 9 ± 4 Number density, per m 3 (4 ± 1) 9 10 22 (9 ± 7) 9 10 22 (3 ± 1) 9 10 22
